Abstract. Estimates of terrestrial water storage (TWS) variations from the satellite mission GRACE are used to assess the accuracy of four global numerical model realizations that simulate the continental branch of the global water cycle. Based on four different validation metrics, we demonstrate that for the 31 largest discharge basins worldwide all model runs agree with the observations to a very limited degree only, together with large spreads among the models themselves. Since we apply a common atmospheric forcing data-set to all hydrological models considered, we conclude that those discrepancies are not 5 entirely related to uncertainties in meteorologic input, but instead to the model structure and parametrization, and in particular to the representation of individual storage compartments with different spatial characteristics in each of the models. TWS as monitored by the GRACE mission is therefore a valuable validation data-set for global numerical simulations of the terrestrial water storage since it is sensitive to very different model physics in individual basins, which offers helpful insight to modellers for the future improvement of large-scale numerical models of the global terrestrial water cycle.
ever, JSBACH was used in an offline mode without interactive coupling to the other MPI-ESM compartments, but driven by prescribed WFDEI-CRU atmospheric forcing.
Finally, the Max Planck Institute of Meteorology's Hydrology Model (MPI-HM; Stacke and Hagemann, 2012 ) is a global hydrological model. Its water flux computations are of similar complexity to land surface models, but it does not account for any energy fluxes. Additionally to precipitation and temperature, it requires potential evapotranspiration as input which also to Dec 2012 -i.e., the common period of GRACE observations and model results -are first removed for each grid cell. Then the TWS variations are averaged over the selected basins to obtain the basin-scale TWS. Since ice dynamics and glacier mass 10 balance are not included in the numerical models applied in this study, water mass variations in Antarctic and Greenland are not considered throughout the reminder of this paper.
TWS Estimates from GRACE
The U.S.-German twin satellite mission GRACE provides since April 2002 estimates of month-to-month changes in the gravitational field of the Earth mainly based on precise K-band microwave measurements of the distance between two low-flying 15 satellites (Wahr, 2009) . After correcting for short-term variability due to tides in atmosphere (Biancale and Bode, 2006) , solid earth (Petit and Luzum, 2010) and oceans (Savcenko and Bosch, 2012) , as well as due to non-tidal variability in atmosphere and oceans (Dobslaw et al., 2013 ) from the observations, the resulting gravity changes mainly represent mass transport phenomena in the Earth system, which are -apart from long-term trends -almost exclusively related to the global water cycle.
We use the monthly GRACE release 05a Level-2 products from GFZ Potsdam (Dahle et al., 2012) , which can be downloaded 20 from the website of the International Centre for Global Earth Models (icgem.gfz-potsdam.de/ICGEM). The GRACE products are expressed in terms of fully normalized spherical harmonic (SH) coefficients up to degree and order 90, approximately corresponding to a global resolution of 2
• in latitude and longitude. We apply the same post-processing steps to the GRACE data as described by Zhang et al. (2016) . The degree-1 coefficients are added following the method of Bergmann-Wolf et al. (2014) . The non-isotropic filter DDK2 corresponding to an isotropic Gaussian filter with 680 km full width half maximum 25 (Kusche, 2007; Kusche et al., 2009 ) is applied to remove correlated errors at particular higher degrees of the spherical harmonic expension. In order to account for signal attenuation and leakage caused by smoothing and filtering, local re-scaling factors are introduced. We use median re-scaling factors obtained from a small ensemble of global hydrological models. The gridded TWS anomalies are then estimated which can be averaged over arbitrary basins. Error estimates as a quadrature of measurement error, leakage error and re-scaling error are also provided to assess the signal-to-noise ratio (SNR) of GRACE for particular 30 basins (full details are given in Zhang et al. (2016) ). In case of a small signal-to-noise ratio, discrepancies between TWS from GRACE and models might also be attributed to comparatively large GRACE TWS errors.
Evaluation of TWS from model realizations with GRACE
We compare the basin-averaged TWS from GRACE with the results of four different numerical model realizations introduced above. In total 31 globally distributed basins, where the GRACE SNR is larger than 2 (see Fig.1 and Table 2 ) are selected for further study. We first focus on the global statistical performance of the models compared to GRACE. For these basins, evaluation metrics as suggested by Gudmundsson et al. (2012) that focus both on seasonal signals and year-to-year variability 5 are applied.
Evaluation metrics
First, relative annual amplitude differences are calculated according to
where µ O is the annual amplitude of the time series of TWS variations from GRACE, µ M the annual GRACE amplitudes 10 from the different model realizations (Fig. 2) . Second, the timing of the annual cycle is assessed using phase differences of the annual harmonic for models and observations according to
If the value of ∆ϕ is negative, it implies that the seasonal maximum is earlier in the year in the model than in GRACE (Fig. 3 .
Annual amplitude and phase are calculated by least square regression as follows:
where ∆TWS is the TWS anomaly time series, a is the constant, v is the trend, and T is the period of one year. Third, the explained variances for all the model realizations are calculated:
where var denotes the variance operator. Fourth, we repeat the calculation of the explained variances for TWS time series from
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GRACE and the models with the mean seasonal variability removed.
Global evaluation
As shown in respect to the GRACE result, especially in high latitudes of the Northern Hemisphere. (Fig. 3) . LSDM explains the GRACE TWS variations relatively better than the other models at most basins (Fig. 4) . Only in the Yukon, Nile, Zaire, Yangtze, Indus and the two basins at Australia, explained variances are less than 50%. Low values of explained variance also occur at the mid-latitude of the Northern Hemisphere for WGHM. JSBACH and MPI-HM perform generally better at basins in Africa but have worse results in Siberia. When the annual signal is removed, the explained variances for TWS time series from GRACE 5 and the models are generally less than 60% (Fig. 5) , indicating the models's poor ability to capture the inter-annual variations.
LSDM shows especially low explained variance values for many basins in Africa. bias. This shows that the TWS peaks of the models tend to proceed GRACE peaks, where LSDM performs best compared to other models. For the explained variance, LSDM shows the best median value, followed by WGHM, JSBACH and MPI-HM.
However, when the annual signal is removed, many outliers appear in LSDM for the explained variances, while WGHM and 15 MPI-HM show slightly better performances.
We also present the basin-averaged TWS errors from GRACE and the RMS differences between TWS variations from GRACE and from the hydrological model runs (Table 2) are much smaller than the RMS differences, which indicates that the main contributions to the differences arise from model uncertainties. Out of the five basins in the tropical zone, three basins have largest differences between TWS variations from GRACE and models in LSDM. On the contrary, WGHM shows no largest differences in this climate zone. The smallest value, however, seems to occur randomly among the models. In the dry zone, most models have low SNR values and the smallest RMS of the TWS differences are sometimes quite close to the GRACE TWS errors. For instance, at basins like Nile, Indus,
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and two Australian basins, the GRACE SNR estimates are all below 3. Thus, it is likely that the large uncertainty in GRACE TWS estimates contribute largely to the bad agreement in these basins. Still, MPI-HM and LSDM perform comparably better,
showing a smaller number of largest differences and comparably more smallest differences. In the temperate zone, WGHM has most largest differences while MPI-HM has least. There is, however, no regular pattern of where the smallest difference occurs.
In the cold zone, all the smallest differences happen in LSDM, whereas the largest differences mainly occur at MPI-HM and
30
JSBACH.
The performance of the models varies from basin to basin, even within the same climate zone, which could be due to the model structure, parametrization, and also the different water storage compartments included in TWS. In order to find reasons for the different model performance, we focus on two specific areas that are dominated by snow and arid climates in more detail. There, we first assess actual evapotranspiration (AET) which is one of the main drivers for differences in the terrestrial water budget and subsequently look into the mean monthly time series of TWS and its individual storage compartments.
Actual evapotranspiration
As a part of terrestrial branch of the water cycle, actual evapotranspiration (AET) may explain part of the differences among the models in terms of storage variations. We choose four particularly affected basins and show the AET time series from all 5 models (Fig. 7) . Although some large differences of AET are present, the effects on subsequently simulated TWS are damped.
Especially in humid areas, no direct impact can be found. For arid basins, however, the impact from AET is more dominant. AET is calculated from the potential evapotranspiration (PET) as a function of the available amount of water. While starting with the same meteorological forcing data, PET is calculated differently by the models using various approaches. PET in the LSDM is calculated by the Thornthwait method, using only the daily temperature and a seasonal heat index that is based on 15 monthly mean temperatures. In WGHM, PET is based on the Priestley-Taylor approach using net radiation, which in turn is computed as a function of incoming short-wave radiation, temperature and surface albedo. For MPI-HM, PET is computed in a pre-processing step based on Penman-Montheith using radiation, temperature, wind and humidity. JSBACH computes evaporation based on the energy balance by internally computing atmospheric water demand. Fig. 7 also displays time series comparison of PET from WGHM and LSDM. Some differences in PET are seen from these two models because of the 20 different methods applied. These differences, however, are substantially modified when entering into AET due to the limitation of available water.
Snow-dominated catchments
As highlighted in section 3.2, models perform quite differently in high latitudes of the Northern Hemisphere (cold zone) which are generally dominated by snow. Especially JSBACH and MPI-HM show large differences of the TWS when compared with 25 GRACE. We focus here on four basins in this area: Lena, Yenisei, Ob and Yukon, and look into the mean monthly time series of the TWS and its different compartments (Fig. 8) . For LSDM and MPI-HM, subsurface water here only includes the water storage in the root zone, while for WGHM and JSBACH, both root zone and deep layer water storage are included. The performances of the models at those four basins are quite consistent with each other. LSDM and WGHM show the smallest phase differences with GRACE in terms of TWS while the other two exhibit negative phase shifts. The subsurface water
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variations from WGHM and LSDM have very similar pattern, with an apparent peak usually in May. The phases of the snow water time series from LSDM and WGHM are also quite close, but LSDM always has a slightly larger amplitude. Since the two use the same snow scheme (degree-day method), this is certainly related to the different model parameters or sub-
7
Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -330, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. which leads to a poor agreement of TWS with GRACE estimates. For JSBACH, there is already a large phase difference in the snow storage, which is mainly due to the poor capture of the phase of the snow accumulation and onset of melting. This could be caused by the different snow scheme applied by JSBACH. Yukon, however, is quite different from the other snowdominated basins. Here, all the models underestimate the annual amplitude of TWS when compared with GRACE. Since the basin-average TWS error from GRACE at Yukon is 1.19 cm and much smaller than the discrepancies between GRACE and 10 the models (Table 2) , it could be the case that all models fail to represent certain hydrological processes, or that our GRACE TWS errors are too optimistic here since the re-scaling errors are also estimated from a hydrological model ensemble. Besides, Seo et al. (2006) found also large TWS errors at Yukon basin and suggested that the atmosphere and ocean tidal and non-tidal de-aliasing errors might be a problem in this area. Investigating those discrepancies in full detail, however, is beyond the scope of our present paper and we would like to assess the de-aliasing errors in a future study. 
Dry catchments
We also focus on four catchments in the dry zone, which are characterized by annual precipitation smaller than annual potential evapotranspiration (McKnight and Hess, 2000) . For the Nile and Niger basins, the subsurface water is the main contributor to the TWS changes (Fig. 9) . The TWS variations from JSBACH and MPI-HM show a quite similar annual cycle when compared to GRACE. MPI-HM generally exhibits a larger amplitude in simulated subsurface water and TWS. WGHM deviates 20 considerably with a much smaller amplitude and a large phase shift in the subsurface water. The simulated surface water from WGHM brings TWS slightly closer to that from GRACE. LSDM, however, performs differently in these two basins. In Nile basin, although the subsurface water from LSDM is consistent with JSBACH and MPI-HM, the simulated surface water variations lead to a higher amplitude of TWS variations when compared with GRACE. In Niger, LSDM performs quite close to WGHM but with a slightly larger amplitude. All models tend to perform poorly in terms of TWS when compared with 25 GRACE in Indus basin. We note a comparably low SNR (2.2 cm) for the GRACE estimated TWS here, which is mainly contributed by the large leakage error at this basin (Zhang et al., 2016) . Besides, Indus basin is not only subject to large-scale groundwater depletion from intensive irrigation, but also affected by snow melting and glaciers melting from Himalaya. Here, the subsurface water simulated by the models show already large discrepancies. As in other basins affected by snow dynamics, JSBACH also fails to capture the snow variations properly. MPI-HM performs poorly in simulating the surface water with 30 a delayed dynamics which leads to a preceded annual cycle. At Huang He basin, as the main contributor to the TWS, the subsurface water from LSDM, WGHM and JSBACH show similar annual variations as GRACE, while MPI-HM has a much larger amplitude. The surface water simulated differently by LSDM and WGHM then lead to different TWS variations. 
